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Abstract 
Pulsed photonic sintering/curing of materials has significant potential to change the way we process thin 
films. The pulsed light technology has tremendous benefits with processing time lying in the order of 
milliseconds. This process can be used to thermally process printed films and has huge energy saving 
potential when compared to conventional thermal processes. This research specifically aims at fabrication 
of low adhesion polymer film coatings, such as Teflon, using an energy efficient photonic sintering 
technique. Teflon, due to its non-stick properties, is widely used in printing processes, cooking accessories, 
antireflection windows and in several other applications. Sintering of Teflon through pulsed light 
technology has not been studied, hence this research has tremendous potential to revolutionize the way the 
Teflon films are processed. This research studies the conditions for sintering PTFE, PFA and FEP 
nanoparticle films on platinum-coated silicone rubber. Scanning electron microscopy was used to study the 
sintered samples to reveal the magnitude of particle consolidation on the samples. A  Fluke Energy Meter 
was used to study the energy consumption for both photonic sintering and conventional oven sintering. The 
results from the studies show substantially energy savings for photonic sintering. The research discusses 
the conditions under which the best particle sintering was obtained for the PTFE and PFA.   
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Chapter 1 - Introduction 
With the growing concern over environmental impacts of manufacturing processes, there is an increased 
interest in green manufacturing across the globe. The developing technologies are highly focused on energy 
use reduction, minimizing natural resource use, recycling and reusing all waste and reducing emissions.  
With the rising concern of global warming, governments across the globe have adopted policies and 
incentives for greener manufacturing practices. More and more industries are making an effort to reduce or 
eliminate the negative environmental impact of manufacturing industries by pursuing sustainable practices. 
Green manufacturing can be described as the continuous optimization of material and energy during the 
various phases of the product manufacturing cycle to reduce production costs, and eliminate the negative 
environmental impacts (“Develop Green Manufacturing”, 2015). These phases include design, production 
and the end use. 
 
Manufacturing is responsible for almost 37% of global greenhouse gas emissions, 80% of which is from 
energy use. Improving the energy efficiency of various energy extensive processes that make up large 
organizations is potentially the most important and cost effective means for mitigating greenhouse gas 
emissions, increasing global resource productivity and reducing costs for customers (Worrell, E., Bernstein, 
L., Roy, J., Price, L., & Harnisch, J., 2009). The move towards sustainable energy generation and more 
efficient manufacturing processes will have a significant impact on the resource constrained global 
economy. 
 
1.1 Pulsed -Light Sintering As a Greener Alternative to Conventional Methods 
Traditionally, sintering techniques have been used to make objects from compressed powder heated below 
its melting point for minutes or hours depending on the material. The high temperature applied to the 
material over extended periods causes the material to diffuse across the particle boundaries creating a solid 
film of material. Some current energy delivery methods used in sintering include oven heating, arc 
discharge, laser heating, and pulsed light.  
 
Pulsed light, or photonic sintering, is a low thermal exposure sintering method developed to sinter 
nanoparticle films.  The photonic sintering process uses pulsed light emitted from xenon gas filled flash 
lamps. Each pulse of light delivers high intensity, short duration (< 1 ms) light to the deposited nanoparticle 
film. This technique offers an alternative to conventional curing techniques that typically employ radiant 
heating ovens or microwaves and which take several minutes to cure the material.  In contrast, pulsed 
photonic sintering/curing rapidly sinters inks or printed films at highly elevated temperature for a short 
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duration. This accelerates the curing process. According to the Arrhenius equation, the rate of curing is 
exponentially related to the temperature. It is possible to reduce the curing time through use of a flash lamp 
that can produce power densities approaching 40 kW/cm2 depending on the needs of the application.   
 
Photonic sintering was developed by Nanotechnologies (now NovaCentrix) of Austin, Texas, and was first 
made public in 2006. Photonic sintering is also known as pulsed thermal processing (PTP) and intense 
pulsed light (IPL) sintering. Conductive films composed of nanoparticle depositions are transformed into 
functional printed circuits when exposed to short pulses of high intensity light. The printed circuits can be 
tailored for use as flexible circuit boards, RFID tags, flat panel displays, photovoltaics, or smart packaging. 
. 
 
One potential advantage of photonic curing includes a substantial reduction in energy; as conventional 
ovens run for much longer time periods, and hence use significantly larger amounts of energy. Since the 
sintering of the particles is directly proportional to the time and temperature in conventional processes, 
longer processing times increase the energy consumption thereby increasing the cost of manufacturing of 
the product. The use of a high-speed curing process can be compatible with a high-speed printing process 
where the cure time and the time to print can be easily matched (Schroder, K. A., McCool, S. C., & Furlan, 
W. F., 2006). 
 
The other major advantage of photonic sintering over traditional methods lies in sintering material on low 
temperature substrates with lower decomposition temperature. This has been demonstrated while trying to 
cure material on substrates such as paper or polyethylene terephthalate (PET). Conventional methods such 
as oven curing apply high energy to the material and substrate in the form of heat in an enclosed chamber. 
This causes low temperature substrates to decompose. Since the energy of the high intensity flash in 
photonic sintering is limited to the top coat of the material, damage to the underlying substrate can be 
minimized or eliminated (MacNeill, W. D. 2015). 
 
The primary uses of photonic curing are based primarily around the thermal processing of components for 
manufacturing of printed electronics on low temperature substrates. The high intensity flashes from the 
system delivers energy to selectively heat the thin film and fuse the particles together (“Advanced Curing 
for Printed Electronics”, 2015). The system is used to process materials such as copper inks, silver inks, 
silicon, zinc oxide and CIGS on substrates such as paper, PET, Kapton etc. 
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Chapter 2 – Literature Review 
 
2.1 Optical Properties of Materials 
The optical properties of materials are determined by their responses to exposure by electromagnetic 
radiation. When radiation is transmitted through air and is incident upon a solid medium, it can be reflected, 
absorbed, or transmitted at the interface between the two media (Callister, W. Materials science and 
engineering, 2007)  
The ideal conditions for curing would involve the material absorbing all of the energy incident on it, while 
the substrate should reflect, transmit, or at least efficiently dissipate that same energy to avoid any damage. 
These material properties allow the use of a wide range of inexpensive substrates that can be used to print 
and cure the patterns without damaging the substrate.  However, each curing techniques works with 
different principles of physics. Each one operates at its own wavelength with varying exposure times to 
cure a given material. For example, experiments carried out with microwave curing and thermal curing 
indicate that microwave curing increases reaction rates and mechanical properties compared to thermal 
curing (Chaowasakoo, T., & Sombatsompop, N., 2007). Therefore, the choice of substrate also depends on 
the type of curing technique used. 
Teflon has a high luminous transmittance and excellent optical clarity. PTFE had an optical absorbance 
lying in the range of 3-4 between 200nm and 600nm, gradually dropping below 1 at 900nm. PFA and PTFE 
were found to have optical absorbance below 1 between wavelengths of 200nm to 900nm (A.M.S. Galante, 
O.L. Galante et.al., 2010) 
 
2.2 Curing Techniques  
2.2.1 Thermal/ Oven Curing 
Thermal curing is widely used and involves heating the printed material to high temperatures where the 
atoms fuse together forming a sintered pattern. Ovens are utilized for heating the entire sample instead of 
locally applying heat to the pattern region that needs to be cured. This technique is associated with longer 
curing times characterized by tens of seconds to tens of minutes. This approach is extremely simple, 
however, it consumes a significant amount of energy to cure materials. It also increases the production 
costs. As thermal curing is a lengthy offline process, it is often not used in synchronization with a production 
line and tends to slow down the process. Another disadvantage of this technique is that it cannot be used 
with low temperature substrates to cure higher temperature printed materials due to the prolonged heating 
time. At lower temperatures, the ink solvent may not fully evaporate. This can hinder the process of 
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diffusion and partial melting of the printed nanoparticles resulting in an inferior sintered pattern (Halonen, 
E., Viiru, T., Ostman, K., Cabezas, et al., 2013).  
 
2.2.2 Near Infrared Curing  
Near Infrared wavelengths lie between the visible light and infrared regions of the electromagnetic 
spectrum. Unlike ultraviolet curing technology, NIR is a faster method for curing, reducing the curing time 
to seconds (Mabbett, I., Elvins, J., Gowenlock, C., Jones, P., & Worsley, D., 2013). It has been observed 
that the amount of energy absorbed by the printed coating is highly influenced by the pigmentation. 
Experiments have shown that clear shades tend to absorb less NIR radiation, hence NIR absorbers are used 
for better cure results. The choice of the optical absorber depends largely on the color of the coating, for 
example carbon black is an excellent near infrared absorber with an inherent drawback due to its color for 
the use in clear coat applications or pale shades (Knischka, R., Lehmann, U., Stadler, U., Mamak, M., & 
Benkhoff, J., 2009). Therefore, efficient, colorless and transparent NIR absorbers are highly desirable to 
achieve an ideal cure. 
 
2.2.3 Laser Sintering 
This process uses the energy from a focused laser beam to cure the material by tracing the laser over the 
region to be cured. In the process of laser curing of nanoparticle solutions, the interaction between the 
radiation from the laser and nanoparticles causes solvent evaporation and controls the quality of the sintered 
microstructures (Bieri, N. R., Chung, J., Haferl, S. E., et al., 2003). Focused laser irradiation is utilized to 
melt the metal nanoparticles in the suspension and to sinter the suspended particles to form continuous, 
sintered micro lines on a substrate (Bieri, N. R., Chung, J., Poulikakos, D., & Grigoropoulos, C. P., 2004).  
This process, however, is expensive from a technical standpoint (Perelaer, J., de Gans, B. J., & Schubert, 
U. S., 2006). Furthermore, each laser has a single wavelength. When a variety of materials must be cured, 
each having different ranges of wavelengths that absorb well, it may be difficult to use laser sintering with 
materials that do not absorb that particular wavelength.  
 
2.2.4 Microwave Sintering 
Microwaves have their energy frequency range extending from 300 MHz to 300 GHz. The equivalent 
wavelengths map to between 1 mm and 1 m. In the process of microwave heating, the material absorbs the 
electromagnetic energy from the microwave volumetrically. The absorbed energy is converted into heat. 
This method differs from conventional methods such as conduction, radiation or convection where the 
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material’s surface is heated first and the heat then moves inward to the bulk of the material. The microwaves 
heat up the material from the inner core, moving outward (Oghbaei, M., & Mirzaee, O. 2010). Highly 
conductive materials such as metals can be sintered using microwave sintering. However they have a very 
small depth of penetration. For example, the penetration depth of copper, gold, and silver ranges from 1.3 
to 1.6 µm at 2.54 GHz (Perelaer, J., de Gans, B. J., & Schubert, U. S., 2006). Where feasible, this technique 
is advantageous for reduced processing times and reduced energy consumption. 
 
2.2.5 Electrical Sintering 
Electrical sintering employs a high voltage, which is applied over the printed pattern. The potential 
difference causes a current to flow across the structure; the resistance of the pattern itself causes heating by 
dissipation. This method of sintering is effective only with conductive inks, providing approximately a one 
hundred times improvement over oven-sintered samples on a paper substrate in one study (Allen, M. L., 
Aronniemi, et al., H., 2008). Electrical sintering is characterized by short sintering times on the order of 
microseconds and reduced substrate heating. This technique is also used for improving the conductivity of 
a previously cured pattern. 
 
2.2.6 Photonic Curing 
The photonic curing technique involves rapid sintering of nanoparticle based thin films using Xenon flash 
lamps. The flash lamps in a conventional Pulse Forge 3300 system as shown in Figure 1 are capable of 
delivering a maximum peak power in excess of 100 kW/cm2. NovaCentrix first introduced the photonic 
sintering technique in 2006 (Schroder, K. A., McCool, S. C., & Furlan, W. F., 2006). The major advantage 
of photonic curing over other techniques is that this method can be used to sinter thin films on low 
temperature substrates, such as paper or PET, without actually damaging the substrate. The photonic curing 
process is much quicker when compared with other processes, with cycle times on the order of milliseconds.  
The Pulse Forge 3300 can be used in roll-to-roll processes. The controllable parameters for sintering are as 
follows: 
Voltage 
Pulse duration 
Number of pulses (micro pulsing is possible)  
Web speed 
Overlap  
Pulse frequency 
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Figure 1: Novacentrix PulseForge 3300 photonic curing system 
2.3 Curing Of Fluoropolymers 
The primary focus of this research has to do with curing of printed fluoropolymer films in a fuser roller 
application. The fluoropolymer coating that is sprayed over a silicone rubber base layer used in fuser rolls 
typically have a layer thickness ranging from 2.5 to 6.5 microns. This coated roll is then placed in an infrared 
oven in order to fuse together the fluoropolymer particles. The curing time and temperature depends on the 
thickness of the coating. For rolls with thicker walls, the maximum temperature is kept around 393°C (740° 
F), whereas for thinner-walled rolls, the maximum temperature is approximately 371°C (700°F). The 
maximum exposure time ranges from a maximum of 18 minutes to a minimum of 4 minutes (Marvil, T. D., 
DelRosario, C. F., Moss, S., et al., 2003). 
 
2.4 Coating Techniques 
2.4.1 Chemical Vapor Deposition 
The CVD technique shown in Figure 2 uses a chemical process to produce a high quality coating on various 
substrates. CVD methods have various enhanced techniques which follow the principle where one or more 
heated object(s) to be coated are placed in a chamber where the precursor gasses flow in through the inlet. 
This is followed by a chemical reaction on the surface of the heated objects resulting in a thin film coating. 
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The excess gasses and byproducts exit the chamber through an outlet (Creighton, J. R., & Ho, P., 2001). 
CVD is a very versatile technique which allows good structural control on the nanoscale level. This 
technique is used extensively in the deposition of thin films for semiconductor applications, silicone based 
microelectronics, corrosion protection, etc. (Choy, K. L., 2003). It is also widely used in the production of 
high-purity powders and materials. 
 
Figure 2: Chemical vapor deposition process 
2.4.2 Solution Coating 
This is a relatively low cost coating method, which provides good performance and is used widely in 
applications involving solar cells, sensors, RFID devices, etc. It comprises of several techniques such as 
spray coating, spin coating, draw bar, dip coating, etc. (Chesterfield, R., Johnson, A., Lang, C., Stainer, et 
al., 2011).Spin coating is a reliable process with high reproducibility, however, this method is not applicable 
in a roll-to-roll scenario in which large area coverage is needed. Spray coating is extensively used in 
industrial coatings, paintings, etc. This method is useful for large area depositions. It can be used to coat a 
variety of surfaces with different morphologies, and it can be used as an in-line production process. Spray 
coating also provides flexibility over many fluids with different rheologies and over the film properties of 
the deposited coating (Girotto, C., Rand, B. P., Genoe, J., et al., 2009). Drawbar coating, or Mayer rod 
coating, provides a quick and inexpensive method to coat a given substrate with minimum effort. The layer 
thickness is a function of the wire diameter of the drawbar. However, the surface energy of the substrate 
and the coating fluid plays a major role in providing a uniform coating. 
 
 8
2.5 Statement of Need 
Fluorinated carbons such as Teflon (PTFE and PFA) are critical in many printing applications. One of the 
primary applications is the application of Teflon (PTFE and PFA) coatings for oil-less fuser applications in 
Xerographic printing. The fusing process shown in Figure 3 involves fixing toner images onto media at 
elevated temperature under pressure for hundreds of thousands print iterations. The inherent low surface 
energy, nontoxicity, and thermal and chemical resistance make Teflon an ideal material for the oil-less fuser 
application. Unfortunately, Teflon's high melting temperature severely limits the choice of compatible 
substrate materials. For the fuser application, Teflon's high processing temperature degrades the underlying 
silicone rubber, thus causing bubbles and cracks in the coating. The high processing temperature (300-
350°C for ~30 minutes) is also very energy intensive.  
 
Figure 3: Xerographic fusing process 
 
These Fluoro-carbons also have many applications in antireflection windows, display coatings, non-stick 
kitchen utensils, non-stick copier and printer rolls, etc. Teflon is hydrophobic (water repelling), oleophobic 
(fat repelling), nontoxic, and has good thermal and chemical resistance, which makes it an excellent choice 
for the above applications. 
The thesis proposes the fabrication of Teflon films using an energy efficient photonic sintering technique, 
which will result in comparable surface and mechanical properties when compared to the conventional oven 
curing process (Qi, Y., Kanungo, M., Wantuck, P. J., Gervasi, D. J., & Badesha, S. S. 2016). 
Challenges in fabrication of PTFE films are as follows. PTFE films can be formed by chemical vapor 
deposition, (CVD) or plasma enhanced chemical vaporization (PECVD) (Takachi, M., Yasuoka, H., et al., 
2009). Alternatively, these films can be solution coated from PTFE/PFA nano/microparticles (Wang, H., 
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Zhao, J., Zhu, et al. 2013). Regardless of the coating method used, the main challenge with processing PTFE 
is the high melting temperature required to fuse the particles. The high processing temperature also severely 
limits the choice of substrate materialsThere is also high-energy consumption associated with curing 
material in a conventional oven. There is a need for energy efficient methods for the curing of thin films. 
Alternative technologies like pulsed light sintering can be studied as energy efficient alternatives to the 
conventional oven.  
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Chapter 3 – Proposed Methodology 
From the previous chapters and the literature studies, we have found promising results indicating photonic 
sintering to be a more cost efficient, faster and energy efficient method of producing many types of nano-
particle films. However, there has been limited to no research on thermal processing of fluoropolymer films 
through the pulsed light sintering technique. This research is primarily focused on processing fluoropolymer 
films on silicone rubber and PET substrates though pulsed light sintering. 
 
3.1 Research Objectives 
The primary objectives of this research effort can be summarized as follows: 
1. Develop a primer and PFA coating processes to get uniformly coated films that adhere well to the 
substrates.  
2. Determine suitable photonic sintering process conditions for these films with respect to power, pulse 
length and frequency with the Novacentrix Pulseforge 3300 system.  
3. Characterize cured films by optical microscopy and scanning electron microscopy.  
4. Assess curing conditions with respect to thickness and uniformity vs. process compatibility.  
5. Quantify energy savings by measuring and comparing energy consumption in the photonic sintering 
process and conventional oven curing process using a power logger. 
 
3.2 - Preliminary Experimentation 
3.2.1 Materials and Method 
An airbrush spray coating system represented in Figure 4 was used to spray coat the samples. The airbrush 
was used in conjunction with a fluid delivery system filled with the PFA dispersion to coat the samples. 
The bed was oscillated along the X and Y-axes resulting in a square-coated pattern with a side of 4 inches. 
The coated substrate was placed in an oven for 5 minutes at 70 ºC to obtain a dry PFA sample on the silicone 
substrate. The dried sample was masked with cardstock paper, exposing small squares one by one to sinter 
the sample at multiple parameter settings. 
 
 11
 
Figure 4: Airbrush spray coating system 
 
Substrate: Platinum coated silicone rubber 
Ink: Perfluoroalkoxy dispersion (PFA) - 200 nanometer particle size 
Coating Apparatus: Airbrush spray coating 
Coating Method: Airbrush attached to an oscillating bed 
Drying Method: Oven 
Sintering Method: PulseForge 3300 
Microscope: Hirox 7700 digital microscope and SEM 
 
3.2.2 Evaluation and Measurement  
The sintered samples were examined using a Hirox 7700 digital optical microscope to select the most 
promising samples to be more closely examined via scanning electron microscopy (SEM). Due to limited 
resources and cost constraints, only a subset of samples were examined under the SEM. The samples were 
observed to see if the grain boundaries of the particles had begun to merge with each other when compared 
with the unsintered samples. Also, samples were assessed for the formation of thin films indicating sintering 
of the particles. 
3.2.3 Experiment 
During the feasibility studies, samples were spray coated directly on the 2.5-inch square silicone substrate 
with a layer thickness of approximately 30 microns. These samples were photonically sintered on the 
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PulseForge 3300 machine under different parameter settings. The best result in the feasibility test was 
obtained using a pulse voltage of 300V, a pulse length of 2500 µs, a frequency of 1Hz, and a pulse count 
of 4 pulses with 2 micro pulses per pulse count. 
 
3.2.4 Preliminary Results and Discussion 
Figures 5(a) and (b), show micrographs of the PTFE nanoparticles on silicone substrate before and after 
photonic sintering. Before sintering, the individual PTFE particles are visible (Figure 6(a)). Figures 5(b) 
and 6(b) show the PTFE thin film formed after pulsed light sintering of the PTFE nanoparticles. As observed 
in Figure 6(b), the PTFE nanoparticles have fused together and begun to flow out into a smooth continuous 
film. There was no obvious damage to the underlying silicone substrate. The cracks seen on the samples 
are due to the differences in cefficients of thermal expansions of the substrate and the coating as discussed 
in section 4.6. 
Optical microscope Images  
 
(a) (b) 
 
Figure 5: Optical microscopic images of (a) unsintered PFA; and (b) sintered PFA 
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SEM Images of the samples  
 
(a) (b) 
Figure 6:SEM images of (a) unsintered PFA; and (b) sintered PFA 
Due to the non –stick properties of Teflon, sintered films of Teflon were seen to release from the substrate, 
and flaking was observed on the sintered samples (Figure 7(a) and (b)). The samples obtained from airbrush 
coating had good coverage, but poor repeatability. The amount of material deposited (layer thickness) 
varied from one sample to another due to deposition of PFA within the airbrush nozzle.  
 
 
 
(a) (b) 
Figure 7: Images of sintered PFA (a) flaking from the substrate, and (b) observed on a slide 
 14
 
3.3 Experimental Planning 
A full factorial design was performed to evaluate the criteria for pulse duration, number of pulses, and 
voltage. The response variable was sintering effectiveness of the fluoropolymer. All experiments were 
performed on the PulseForge 3300. The Hirox digital microscope was used to evaluate the results. The 
results were evaluated on a binary scale as good or bad, good indicating promising results where the samples 
seem to have sintered and bad being the cases where the samples were uncured or burnt. After the primary 
screening of the samples under the digital microscope, the samples with the best sintering performance 
were further studied under the SEM. 
The design of experiments involved using the one factor at a time method to vary the sintering parameters 
to determine the most influential parameters that affected the sintering of the fluoropolymer. To generate 
the conditions at which the experiments needed to be performed, a multilevel full factorial design was 
chosen, and the experiments were performed at every run order parameter. The results of the experiment 
were not quantifiable since the response variable could not me measured on a numeric scale.  
The pulse length, voltage, and number of pulses were the three factors used for the design to determine the 
parameter levels at which the experiments should be performed.  
The range of parameters for the three printed ink solutions are presented below. 
PFA: Factors: 3, Replicates: 1, Base runs: 135, Total runs: 135, Base blocks: 1, Total blocks: 1. 
Table 1: Factors and levels for PFA 
FACTORS LEVELS 
Voltage (V) 230V, 240V, 250V 260V, 270V 
Pulse duration (μs) 1400,1500,1600,1700,1800,1900,2000,2100,2200 
Repeat count  1,2,3 
PTFE: Factors: 3, Replicates: 1, Base runs: 90, Total runs: 90, Base blocks: 1, Total blocks: 1. 
Table 2: Factors and levels for PTFE 
FACTORS LEVELS 
Voltage (V) 230V, 240V, 250V 260V, 270V 
Pulse duration (μs) 1500,1600,1700,1800,1900,2000 
Repeat count  1,2,3 
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FEP: Factors: 3, Replicates: 1, Base runs: 45, Total runs: 45, Base blocks: 1, Total blocks: 1. 
Table 3: Factors and levels for FEP 
FACTORS LEVELS 
Voltage (V)  250V 260V, 270V 
Pulse duration (μs) 1600,1700,1800,1900,2000 
Repeat count  1,2,3 
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Chapter 4- Sintering of Fluoropolymers 
4.1 Methods and Materials 
  
For these experiments, the Mayer Rod Coating method was used, as it was a simple, low cost and repeatable 
method for solution coating the nanoparticle fluoropolymer solutions onto silicone rubber substrates. It 
involved placing a bead of 5 ml of the coating solution across the narrow end of the 6” x 12” substrate and 
dragging it across the substrate with a suitable Mayer rod leaving behind a thin film coating of the material 
on the substrate. 
Teflon aqueous coating dispersion containing Perfluoroalkoxy (PFA) particles, Polytetrafluoroethylene 
(PTFE) particles and Fluorinated Ethylene-Propylene (FEP) were used. The experiments were performed 
using three different inks – a PFA dispersion with 200 nm particles, a PTFE dispersion with 120 nm 
particles, and a FEP dispersion with 150 nm particles. 
Since poor adhesion of the fluoropolymer on the silicone rubber substrate was noticed during the 
preliminary experimentation, a primer containing 9.1 g of Primer Part A (17% FKM), and 0.434 g of Primer 
Part B (20% AO700) was used to provide a better adhesion between the coated samples and the substrate. 
The ink chemistry and primer chemistry details are proprietary information of a partnering company and 
cannot be disclosed as a part of this document. 
 
4.2 Experimental Setup 
Sample surface preparation involved cleaning the silicone rubber substrate with a lint free cloth dipped in 
isopropyl alcohol followed by MIBK to get rid of any surface impurities. 
Substrate: Platinum coated silicone rubber 
Inks: Perfluoroalkoxy dispersion (PFA) , PTFE( Polytetrafluoroethylene) and FEP( 
Fluorinated Ethylene-Propylene) 
Coating Apparatus: Mayer rod for 30 µm film thickness 
Primer: FKM+AO700 
Drying: Prometal Oven 
Sintering: PulseForge 3300 
Microscope: Hirox 7700 digital microscope,  Hitachi S-4800 FESEM 
Mixer: Thinky mixer ARE-310 
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Solution coating the on the silicone rubber substrate was a 2 step process and was performed at an ambient 
temperature of 30 degrees Celsius. The first step was to coat and dry the primer. For this step, 9.1 g of 
primer Part A (17% FKM) was mixed with 0.434 g of primer Part B (20% AO700) in the ARE-310 Thinky 
mixer for 20 minutes. The second step was to coat and dry the fluoropolymer. The fluoropolymer coating 
was applied using a drawbar and placed in the oven at 100oC for 10 minutes to allow the solvents to flash 
off. 
The coated samples were photonically sintered using the Pulse Forge 3300. This involved masking the 
sample with cardstock paper, and then exposing small squares one by one to sinter the sample at multiple 
parameter settings. 
The cured samples were evaluated under the digital microscope to determine the most promising samples 
which were observed under the SEM to verify the results.  
The following factors were kept constant throughout the experimentation: 
Primer thickness: 10 µm 
Fluoropolymer thickness: 30µm 
Pulse Frequency: 1.5 Hz 
4.3 Results 
Due to limited availability of the SEM for this research, the samples were first screened under the optical 
microscope for relative sintering and surface properties. The best samples were taken for the SEM studies.  
4.3.1 Screening Criteria 
Figures 8 to 12 show sintered samples with unfavorable surface properties. These samples were not 
considered for further SEM examination due to cracks visible throughout the samples, burnt samples, and 
rough surfaces of the samples with patches of sintered and unsintered material. 
Figure 8 shows a sample of PTFE sintered under the conditions in Table 4. It can be observed from the 
image that there are cracks running throughout the sample with crystals of sintered material. Samples with 
surface properties Such as these were not taken for further SEM.  
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Table 4: Conditions for sintering PTFE 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
240 2000 1 1 
 
Figure 8: Sintered PTFE under conditions from Table 4 observed under the digital microscope 
 
Figure 9 shows a sample of FEP sintered under the conditions in Table 6. Cracks can be observed on the 
surface with microscopic craters scattered throughout the sample. This and other samples with cracks and 
rough surface finish and craters were not taken for further SEM.  
 
Table 5: Conditions for sintering FEP 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
250 2000 1 2 
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Figure 9: Sintered FEP under conditions from Table5 observed under the digital microscope 
Figure 10 shows a sample of PTFE sintered under the conditions in Table 6. This sample shows crystals of 
sintered material as well as cracks and burned surfaces. Such samples with crystals forming cracks and 
burned were not taken for further SEM.  
 
Table 6: Conditions for sintering PTFE 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
260 1700 1 3 
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Figure 10: Sintered PTFE Under Conditions From Table 6 Observed Under The Digital Microscope 
 
Figure 11 shows a sample of FEP sintered under the conditions in Table 7.The sample shows the top coat 
of the material has been completely burnt. Samples like these with burnt surfaces were not taken for further 
SEM.  
 
Table 7: Conditions for sintering FEP 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
270 1600 1 3 
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Figure 11: Sintered FEP under conditions from Table 7 observed under the digital microscope 
 
Figure 12 shows a sample of PFA sintered under the conditions in Table 8. The sample shows unsintered 
material with small patches which seem to have sintered. The images also show that the sample has been 
burnt at a few places. Samples like these with burnt surfaces and partial sintering were not taken for further 
SEM.  
 
Table 8: Conditions for sintering PFA 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
250 1500 1 3 
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Figure 12: Sintered PFA  under conditions from Table 8 observed under the digital microscope 
 
Figure 13 shows a sample of PFA sintered under the conditions in Table 9. The sample shows a good and 
even sinter on the surface of the material. Such samples were selected for further SEM.  
 
Table 9: Conditions For Sintering PFA 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
270 1400 1 1 
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Figure 13: Sintered PFA  Under Conditions From Table 9 Observed Under The Digital Microscope 
 
4.3.2 Scanning Electron Microscopy 
Figure 14 below shows the micrographs of silicone rubber substrate coated with the primer and PFA, 
followed by drying the sample in the oven for 10 minutes at 100 degrees Celsius and observing it under a 
scanning electron microscope. The individual Teflon PFA particles as deposited on the substrate prior to 
sintering can clearly be observed. 
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(a) 
 
(b) 
Figure 14: Unsintered PFA As Observed Under The SEM Under 2 Different Magnifications 
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The samples were coated using 3 different dispersions of PTFE, PFA and FEP solutions under the same 
ambient conditions followed by drying under the same parameters as discussed in Section 4. The results 
obtained from the design of experiments were the conditions under which the coated samples were sintered. 
Upon sintering, the samples were observed under the digital microscope to screen them based on the quality 
of sintering and the presence or absence of defects such as cracks or bumps. The individual grain boundaries 
of particles were not visible under the optical microscope due to the size of the particles lying in the 
nanometer range. 
Due to the lack of availability of SEM, only the most favorable samples with a smooth surface finish and 
no visible cracks or bumps on the surface were observed under the Scanning Electron Microscope.  
4.3.3 Results From Samples Coated With PFA 
Figures 15 and 16 show images of sintered FEP samples observed under a scanning electron microscope. 
From the images, a good, smooth sintering of the PFA particles can be observed. The individual particles 
of the material cannot be seen, and very tiny cracks of the order of 100 nanometers can be observed on the 
surface. This is believed to be a result of instant flashing of the solvents under high intensity light leaving 
microscopic cracks on the surface.  
Table 10: Conditions for sintering PFA 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
270 1400 1 2 
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(a) 
 
(b) 
Figure 15: PFA sintered under conditions in table 10 observed under SEM shows a good sinter on the 
surface, as the individual particles of PFA are not visible. 
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Table 11: Conditions for sintering PFA 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
280 1400 1 1 
 
 
(a) 
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(b) 
Figure 16: PFA sintered under conditions in Table 11 observed under a SEM shows a good sinter 
obtained on the sample with little bumps on the surface 
4.3.4 Results From Samples Coated With PTFE 
Figures 17, 18 and 19 below show the SEM images of the PTFE samples under two different 
magnifications. The individual grains seem to have merged as the grain boundaries are not visible. However 
patches of the samples have a smooth sinter where as some regions have patterns forming in the sintered 
region. This can be explained by molten PTFE pulling together into patches due to  surface tension, 
exposing the underlying layer of primer which can be seen as unsintered, bent, linear structures on the 
sample. 
Table 12: Conditions for sintering PTFE 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
250 1700 1 2 
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(a) 
 
(b) 
Figure 17: PTFE sintered under conditions in Table 12 observed under a SEM shows patches of smoothly 
sintered particles 
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Table 13: Conditions for sintering PTFE 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
240 2100 1 2 
 
 
(a) 
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(b) 
Figure 18: PTFE sintered under conditions in Table 13 observed under a SEM shows patches of smoothly 
sintered particles, a number of unsintered particles can also be observed in Image (a) 
Table 14: Conditions for sintering PTFE 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
260 1500 1 2 
 
 32
 
(a) 
 
(b) 
Figure 19: PTFE sintered under conditions in Table 14 observed under a SEM shows patches of smoothly 
sintered particles, a number of unsintered particles can also be observed in in image (a) and (b) 
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4.3.5 Results From Samples Coated With FEP 
Figures 20 and 21 below show the SEM images of the PTFE samples under two different magnifications. 
The grains seem not to have merged, as the grain boundaries are visible. However, the observed patches of 
material resembling the grains in Figure 21 are patches of the sample which have sintered. These sintered 
patches are much larger than the individual particle size.  
Table 15: Conditions for sintering FEP 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
270 1600 1 2 
 
(a) 
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(b) 
Figure 20: FEP sintered under conditions in Table 15 observed under a SEM show partially sintered 
sample as the particles are not completely fused to form a smooth film 
Table 16: Conditions for sintering FEP 
Voltage 
(V) 
Pulse Duration 
(μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
270 1600 1 1 
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(a) 
 
(b) 
Figure 21: FEP sintered under conditions in Table 16 observed under a SEM shows a partially sintered 
film. The particles can clearly be observed and have not been completely sintered. 
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4.5 Surface Roughness Studies 
The surface roughness studies were done using a Keyence confocal laser-scanning microscope. Sintered 
samples measuring a square of 0.5 inches were studied under the microscope with a scanned region of 
1mm x 1 mm . The samples chosen for the roughness measurements was by optical inspection to select 
the smoothest looking samples. Only one sample was used for surface roughness studies and does not 
represent the surface roughness of samples sintered under different conditions. 
Table 17: Conditions for sintering samples used for the roughness test   
Material Voltage 
(V) 
Pulse Duration (μs) 
Number of micro 
pulses 
Number of repeat 
pulses 
PTFE 250 1600 1 2 
FEP 250 1700 1 2 
PFA 270 1700 1 2 
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Figure 22: Surface roughness measurements of sintered PTFE, PFA and FEP samples 
Table 18: Surface roughness values for sintered PTFE, PFA and FEP samples. 
Material Ra Rz RSm µm µm µm 
PTFE_10X 2.615 20.039 65.390 
FEP_10X 3.243 17.298 126.842 
PFA_10X 6.039 40.491 290.538 
 
Ra is the average roughness of the sample over the evaluation length. PTFE was found to have the lowest 
Ra values of 2.6 µm, and PFA had the highest average roughness of 6 µm. 
Rz is the ten point average roughness and averages the height of the five highest peaks plus the depth of 
the five deepest valleys over the evaluation length. The average values indicate FEP having the lowest ten 
point average roughness at 17.3 µm whereas PFA has the highest ten point average roughness of 40.5 µm. 
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Rsm indicates the average groove width of the profile elements on each sample. PTFE was seen to have 
the lowest Rsm value of 65 µm, whereas PFA had the highest Rsm values of 300 µm. 
From the results in Table 17 and Figure 22, it can be seen that the sintered PTFE and FEP have similar 
surface properties, with PTFE having a smaller groove width and roughness resulting in a smoother sample. 
The PFA sample was found to have the roughest surface and the highest groove width among the three.  
The Ra and Rz values of FEP indicate that the sample has a rough surface relative to PTFE. The PTFE has 
a smoother surface but the bumps or craters where present have a greater height or depth resulting in smaller 
Ra but higher Rz values. 
 
4.6 Discussion  
From the preliminary experimentation studies, it could be seen that Teflon thin films are being sintered 
through the photonic sintering technique forming sintered thin films Figure 7. It is worth noting that SEM 
of all the samples could not be carried out to study the magnitude of sintering on each sample due to the 
high expenses involved and budget constraints on the project.  
The cracks observed in the samples upon drying can be explained by the difference in the coefficients of 
thermal expansions of the substrate and the polymer topcoat. PTFE, PFA and FEP have coefficient of 
thermal expansion of 10x10-5 mm/mm0C while the silicone rubber substrate has a coefficient of thermal 
expansion of 342x 10-6 mm/mm0C. 
The PTFE, PFA and FEP thin films formed during sintering with the primer were subjected to adhesion 
tests and were found to be 100% adhesive using the cross- cut tape test. The test involved making 10 parallel 
cuts on the sample approximately 1mm apart and additional cuts at 90o and centered to the previous cuts. 
A tape was used as a peeling surface to check the quality of adhesion as per ASTM standards.This was 
performed  From the SEM of the samples discussed in Section 4.4. We can note that the sintering of the 
particles obtained on the samples coated with PFA was of a significantly higher quality versus those 
obtained on PTFE and FEP. The PTFE and FEP coated samples indicate partial sintering of the material. 
The analysis of PTFE observed under the SEM post sintering shows blobs of smooth material and regions 
of uncured material. This effect is hypothesized by unsintered PTFE, which pulled together upon melting 
due to its surface tension. This created patches of material pulled together to form “blobs” and thereby 
exposing the underlying primer layer which can be observed as patches of unsintered material. 
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The surface roughness study was performed with one sample of each, PTFE, PFA and FEP. This data should 
not be used to draw inferences for surface roughness of samples sintered under different energy conditions.  
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Chapter 5- Energy Studies  
One of the main objectives of this research was to compare the energy consumption between the photonic 
sintering and oven curing processes. The aim is maintain or improve product quality while increasing 
production throughput and decreasing greenhouse gas emissions. The energy studies were performed using 
a FLUKE 1730 power logging energy meter. The Fluke energy meter was attached to the power input 
supply on a conventional  30 kW annealing oven and then on a Novacentrix Pulseforge 3300 machine at 
RIT. The energy efficiency of each of the two thermal processing techniques was compared based on the 
power consumption per unit area of sintered material.  
5.1 Energy Consumption In the Conventional Oven  
The Fluke energy meter was attached to the oven input lines. As there were 3 phases, the energy 
consumption was measured on all the three phases, and the average energy consumed per unit time was 
obtained. The energy consumed during 10 second intervals was recorded for a period of 600 seconds.  
Given below is the power data shown over time with the oven operating at 400°F. 
 
Figure 23: Power trend for the oven operating at 400°F 
From the data above, we can observe that the power consumption in the oven is very consistent with on and 
off cycles and a consistent mean over time.  
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A total of 47 power readings are shown in Figure 23. The average power consumption over these 47 
readings is 45 kW. For this research, a reasonable assumption is that four samples coated with PTFE, PFA 
or FEP thin films are sintered for 20-30 minutes in the ovens at a temperature of 400 ºF. The surface area 
of each cylindrical sample is calculated by multiplying the circumference of the cylinder by its length: 
Small Cylinder: (π x 30 mm) x 300 mm long = 28260 mm2 
Large Cylinder: (π x 65 mm) x 345 mm long = 70,414.5 mm2. 
From the above data, we can obtain the maximum and minimum energy consumption by the oven per unit 
area to process thin films. 
Maximum Energy Consumption Condition: Considering four small rolls with a surface area of 28,260 mm2 
that are oven cured for the maximum of 30 minutes, we obtain a total energy per unit area (J/mm2) usage 
of:  
45,000 ܬ ݏ݁ܿൗ × 30 ݉݅݊ݑݐ݁ݏ × 60 ݏ݁ܿ ݉݅݊ൗ
4 × 28,260 ݉݉ଶ
= 717 ܬ ݉݉ଶൗ  
Minimum Power Consumption Condition: Considering 4 large rolls with a surface area of 70,414 mm2 that 
are over cured for the minimum time of 20 minutes, we obtain a total power usage of:  
45,000 ܬ ݏ݁ܿൗ × 20 ݉݅݊ݑݐ݁ݏ × 60 ݏ݁ܿ ݉݅݊ൗ
4 × 70,414 ݉݉ଶ
= 192 ܬ ݉݉ଶൗ  
 
5.2 Energy Consumption Through Photonic Curing  
The PulseForge 3300 used for the experiments reported here has the following energy consuming modules 
to be considered: 
 Water Chiller  
 Capacitors 
 Gantry Box  
 Photodiode 
 
The energy data was collected for the machine under the following conditions: 
 Voltage: 285 V 
 Pulse duration: 1700us 
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 Frequency: 3 Hz 
 Number of Pulses: 2  
The parameters used were higher than required to take into account the maximum energy consumed by 
the machine. 
The energy consumption of the of the PulseForge 3300 was calculated by individually attaching the Fluke 
at the power cord of the 4 substations of the machine. The apparent power of the four substations was 
recorded over a period of 10 minutes. In relation to the capacitor bank and water chiller, power usage for 
the photo diode and gantry box were negligible. Figures 24 and 25 show recorded power usage versus time 
for the  capacitor bank and water chiller. 
 
Figure 24: Power trend from the water chiller data 
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Figure 25: Power trend from the capacitor bank 
The power trends for the capacitor bank and water chiller are consistent with average deviations of less 
than 50 W. The average power reading for the water chiller (Fig. 24) is approximately 1,700 W. The 
average power reading for the capacitor bank (Fig. 25) is approximately 6,350 W. Ignoring the negligible 
power usage of the photo diode and gantry box, the total power usage under the stated curing conditions 
is therefore 1,700W + 6,350W = 8,050W.  
The exposure window of the PulseForge 3300 is 150 mm wide. Samples of this maximum width pass 
through the machine on a conveyor belt at a typical speed of approximately 100 mm/sec. The area of 
substrate to be photonically cured per unit time is therefore: 
150 ݉݉ ݓ݅݀݁ ݔ 100 ݉݉ ݏ݁ܿ⁄ = 15,000 ݉݉
ଶ
ݏ݁ܿൗ  
The total power usage per unit area for photonic curing is therefore estimated to be: 
8,050 ܬ ݏ݁ܿൗ
15,000 ݉݉ଶ ݏ݁ܿൗ
= 0.54 ܬ ݉݉ଶൗ  
 
5.3 Energy Consumption Discussion  
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For conventional oven curing, two scenarios were considered – the minimum energy required per unit area 
cured (i.e. best-case scenario) and the maximum energy required per unit area (i.e. worst case scenario). In 
practice for a non-stick roller application, the energy consumption should reasonably fall somewhere 
between the two extremes. Table 19 compares the oven curing energy consumption per unit area with 
energy consumed per unit area using pulsed photonic curing.  
 
 
Table 19: Energy consumed in an oven and Pulse Forge  
Curing Method Energy Per Unit Area (J/mm2) 
Oven Curing – Minimum Energy Condition 717 
Oven Curing – Maximum Energy Condition 192 
Pulsed Photonic Curing 0.54 
 
 
If we wish to determine the energy reduction associated with using the new curing process compared with 
the best-case oven curing condition, we determine a 99.72% energy reduction as follows: 
 
100% −
0.54 ܬ ݉݉ଶൗ
192 ܬ ݉݉ଶൗ
× 100% = 99.72% 
 
If we wish to determine the energy reduction associated with using the new curing process compared with 
the worst-case oven curing condition, we determine a 99.92% energy reduction as follows: 
 
100% −
0.54 ܬ ݉݉ଶൗ
717 ܬ ݉݉ଶൗ
× 100% = 99.92% 
 
The energy measurement using the Fluke power logging meter shows tremendous energy savings in a 
precise and quantitative way. Therefore, the energy consumption is indeed substantial using the photonic 
sintering process. Energy savings is also accompanied by a decrease in greenhouse gas emissions. The 
photonic sintering process also makes it more suitable for low temperature substrates.  
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Chapter 6- Conclusions and Recommendation For Future Research 
6.1 Summary 
This research studied the thermal processing of Teflon (PTFE), PFA and FEP coatings using the pulsed 
photonic sintering technique. The substrate used for this research was silicone rubber. A proprietary primer 
coating was used to improve adhesion of the sintered films to the substrate. PTFE, PFA and FEP films were 
coated via the Mayer rod coating technique followed by drying in an oven for 10 minutes at 100 °C. 
 
The coated samples were sintered using a Novacentrix Pulseforge 3300 system under various parameters 
obtained through a full factorial design of experiments. The sintered samples were observed under a digital 
microscope and confocal microscope for initial screening based on surface characteristics and relative 
degree of sintering. The best-obtained samples were further studied under the Scanning Electron 
Microscope.  
 
The best results were obtained with PFA samples that were photonically sintered at 270 volts for 1400 
microseconds with two repeat pulses. However, the sintered PFA samples were found to have the highest 
surface roughness when compared with sintered PTFE and FEP samples. All samples with good sintering 
properties were found to have excellent adhesion with the primer-coated substrate. 
 
An energy consumption study performed using a Fluke energy logging meter was used to compare energy 
use for a conventional oven curing process versus the photonic curing process. The studies showed greater 
than 99% energy reduction per unit area of material cured when the photonic process was used rather than 
sintering in an oven. 
 
Chapter 6- Conclusions and Recommendation For Future Research 
6.1 Summary 
This research studied the thermal processing of Teflon PTFE, PFA and FEP thin films using the pulsed 
photonic sintering technique. The substrate used for this research was platinum-coated silicone rubber. A 
primer coating was used to improve adhesion of the sintered films to the substrate. Teflon PTFE, PFA and 
FEP thin films were coated via the Mayer rod coating technique followed by drying in an oven for 10 
minutes at 100 degrees Celsius. 
 
The coated samples were sintered using a Novacentrix Pulseforge 3300 system under various parameters 
obtained through a full factorial design of experiments. The sintered samples were observed under a digital 
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microscope and confocal microscope for initial screening based on surface characteristics and relative 
degree of sintering. The best-obtained samples were further studied under the Scanning Electron 
Microscope.  
 
The best results were obtained for samples coated with PFA, photonically sintered at 270 volts for 1400 
microseconds with two repeat pulses. However, the sintered PFA samples were found to have the highest 
surface roughness when compared with sintered PTFE and FEP samples. All samples with a good sinter 
were found to have excellent adhesion with the primer-coated substrate. 
 
An energy consumption study performed using a Fluke energy logging meter is used to compare energy 
use in a conventional oven curing process versus the photonic curing process. The studies showed greater 
than 99% energy reduction per unit area of material cured when the photonic process was used rather than 
sintering in an oven 
 
6.2 Lessons Learned  
Coating of Teflon on PFA was a major challenge in the research. The attempt to atomize the Teflon particles 
using the Sono-Tek ultrasonic nozzle was not successful as the rheology and viscosity was not compatible 
with the atomizer. The airbrush coating method provided a uniform consistent coat. However, the 
repeatability of the coat obtained through this method was not high and there was variation between samples 
coated under the same condition. This is explained by the accumulation of Teflon particles from the 
dispersion, resulting in a partially blocked the nozzle. 
 
Initial Experimentation showed promising results with sintered topcoats of PFA and PTFE, however, Teflon 
has non-stick properties, which caused it to flake off the substrate. This Issue was overcome by use of a 
primer coat used between the substrate and Teflon improving the adhesion of the sintered coat of Teflon. 
 
Experiments were also performed using a 10 and 20-micron layer of PFA and PTFE over the primer-coated 
substrate. These samples showed extensive cracks throughout the samples prior to sintering, after drying In 
the oven. This was explained by the difference in coefficient of thermal expansion of the Teflon and 
substrate. The 10 and 20-micron layer being delicate were subject to cracks upon drying. The 30 micron 
layers of Teflon were found to work well for the purpose of this research. 
 
Evaluation of results from the experiments was done using the SEM. The screening of the samples was 
critical to selecting the best samples for further evaluation. Visual inspection and primary examination 
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under the digital microscope were central to this part of the research. Through visual inspection, samples 
were screened on the basis of surface characteristics, comparison of the results against already sintered 
samples was done to select the best samples with a smooth surface. The digital microscope was used to 
analyze details of the surface. Since the individual particles could not be seen under the digital microscope, 
the uniformity of the cure was used to further sinter samples. 
 
From the SEM results, PFA was found to have the highest amount of sinter with good surface properties. 
Having a smaller particle size of the PFA dispersion can help in improving the surface roughness of the 
sintered sample. The ridges caused by the Mayer rods were also responsible for degrading the surface 
characteristics of the sample. The airbrush spray coated samples were found to have smoother surfaces 
when compared with the mayer-rod coated samples.  
 
The intensity of the energy delivered through the exposure window of the Pulse Forge 3300 is greatly 
influenced by the clarity of the quartz window and the reflecting panels surrounding the xenon lamp in the 
machine. Even slight deposition of particles and soot on the energy-delivering surface could greatly impact 
the repeatability of the results.   
6.3 Recommendations For Future Work 
This primary objective of this research was to study the feasibility of sintering Teflon thin films through 
pulsed photonic curing, and to study the advantages of photonic sintering over conventional oven sintering 
in terms of energy consumption. The results obtained in this research show promising results for using 
photonic sintering techniques in specific manufacturing operations.  
It was noted in the literature review that Teflon has good absorbance properties in the infrared region. This 
property of Teflon would be central while drying samples prior to sintering. The Adphos NIR system can 
be used in conjunction with the Pulse Forge to dry samples using near infrared radiation prior to curing. 
The energy studies done did not take into account the energy consumption of the oven for drying the 
samples. The energy data from the drying oven can be captured to provide a more extensive energy 
consumption study for comparison of different sintering methods for Teflon.   
There is a vast scope to extend this research to different substrates such as Kapton, Mylar and even certain 
metallic coated substrates. The effect of larger particle size and its effect on the sintering needs to be further 
researched to produce better quality thin films. Addition of specific carbon fillers with the Teflon 
dispersions and its effect on sintering and surface properties is an area of research yet to be explored. 
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Mayer rod coating was used for this research. However, spray coating the Teflon on the substrate followed 
by sintering can be studied to produce smoother films. Smoother films could greatly improve the surface 
characteristics upon sintering. Spray coating different film thickness and the effect of the film thickness on 
the sintering of Teflon thin films would also be a very interesting subject for future research.  
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APPENDIX 
Sintering conditions from the design from the full factorial design. 
PFA:  
PFA 
RunOrder voltage 
pulse 
duration 
repeat 
count 
 PFA 
RunOrder voltage 
pulse 
duration 
repeat 
count 
1 230 1400 1  36 230 1600 2 
2 230 2100 1  37 260 1700 2 
3 230 1800 3  38 260 2200 1 
4 270 1900 3  39 260 2200 2 
5 240 1500 1  40 230 1800 1 
6 260 2100 2  41 270 1400 1 
7 270 2000 2  42 230 2000 3 
8 260 1500 3  43 250 2100 1 
9 260 1400 2  44 270 2200 3 
10 260 1900 3  45 270 1400 3 
11 240 1700 3  46 260 2100 1 
12 260 2000 2  47 240 2000 2 
13 240 1400 3  48 250 1600 1 
14 270 1600 3  49 270 1900 2 
15 230 2000 2  50 240 1900 2 
16 230 2200 3  51 270 1700 3 
17 270 2000 3  52 270 1500 3 
18 270 1500 1  53 230 2100 2 
19 250 1400 3  54 240 2000 3 
20 260 2200 3  55 270 1900 1 
21 260 2000 1  56 240 1600 3 
22 230 2000 1  57 240 1500 2 
23 260 1400 1  58 250 1500 2 
24 250 1400 2  59 250 2000 2 
25 250 1600 3  60 250 1700 2 
26 260 1400 3  61 250 2100 2 
27 260 1900 1  62 260 1600 1 
28 270 1600 2  63 270 2100 2 
29 260 2100 3  64 260 1700 1 
30 270 2200 1  65 270 1700 1 
31 230 1500 1  66 240 1700 1 
32 270 2100 1  67 230 1700 3 
33 240 2200 2  68 230 2100 3 
34 270 1800 2  69 250 1900 2 
35 260 1600 3  70 250 1600 2 
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PFA 
RunOrder voltage 
pulse 
duration 
repeat 
count 
 PFA 
RunOrder voltage 
pulse 
duration 
repeat 
count 
71 240 2100 1  103 230 1900 1 
72 250 1400 1  104 230 1400 2 
73 250 1800 2  105 250 1900 3 
74 240 1500 3  106 230 1900 3 
75 250 1900 1  107 240 1800 1 
76 260 1500 1  108 260 1800 1 
77 240 2000 1  109 230 1700 1 
78 250 2000 1  110 240 2100 2 
79 260 2000 3  111 240 1900 1 
80 230 1900 2  112 270 1500 2 
81 230 1500 2  113 240 2100 3 
82 230 2200 1  114 270 1800 3 
83 260 1600 2  115 250 1800 3 
84 260 1500 2  116 250 2200 3 
85 240 1800 2  117 240 1800 3 
86 230 1600 1  118 240 1600 2 
87 250 2000 3  119 250 1700 3 
88 230 1500 3  120 260 1800 3 
89 240 2200 3  121 270 1800 1 
90 270 2000 1  122 230 1800 2 
91 250 1500 3  123 240 1700 2 
92 260 1900 2  124 270 2100 3 
93 240 1400 1  125 250 2100 3 
94 260 1800 2  126 270 1700 2 
95 270 2200 2  127 240 2200 1 
96 250 2200 1  128 240 1600 1 
97 260 1700 3  129 250 2200 2 
98 230 2200 2  130 230 1600 3 
99 240 1400 2  131 250 1800 1 
100 230 1700 2  132 240 1900 3 
101 270 1400 2  133 250 1500 1 
102 270 1600 1  134 250 1700 1 
     135 230 1400 3 
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PTFE: 
RunOrder voltage pulse duration 
repeat 
count RunOrder voltage 
pulse 
duration 
repeat 
count 
1 230 1700 3  36 230 2000 1 
2 230 1900 3  37 270 1600 1 
3 270 1500 2  38 240 1800 1 
4 260 1700 3  39 260 2000 3 
5 260 1500 3  40 230 1800 1 
6 270 1800 3  41 270 1700 3 
7 250 2000 2  42 260 1600 1 
8 230 1700 2  43 250 1900 2 
9 240 1600 3  44 250 1600 2 
10 230 1600 2  45 270 1700 1 
11 270 2000 2  46 270 1600 3 
12 270 1700 2  47 250 1800 1 
13 240 1800 2  48 270 1900 3 
14 230 2000 2  49 230 1900 2 
15 240 2000 1  50 250 1500 3 
16 260 2000 2  51 270 2000 3 
17 260 1700 1  52 260 1800 2 
18 230 1500 2  53 260 1900 3 
19 230 1600 1  54 240 1900 3 
20 250 1800 3  55 230 1600 3 
21 250 2000 3  56 270 1800 1 
22 260 1700 2  57 250 1500 2 
23 270 2000 1  58 240 1600 2 
24 250 1600 1  59 250 2000 1 
25 250 1900 1  60 250 1600 3 
26 260 1500 1  61 260 1600 2 
27 230 1900 1  62 260 2000 1 
28 260 1800 3  63 270 1500 1 
29 230 1500 1  64 240 2000 2 
30 240 1500 2  65 240 1700 3 
31 240 1800 3  66 260 1900 2 
32 240 1900 1  67 250 1700 1 
33 230 1800 2  68 260 1500 2 
34 250 1700 2  69 250 1900 3 
35 240 1600 1  70 270 1900 1 
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RunOrder voltage 
pulse 
duration 
repeat 
count  RunOrder voltage 
pulse 
duration 
repeat 
count 
71 230 2000 3  81 270 1500 3 
72 240 1700 2  82 250 1800 2 
73 230 1500 3  83 230 1700 1 
74 240 2000 3  84 250 1700 3 
75 270 1900 2  85 260 1600 3 
76 270 1600 2  86 240 1700 1 
77 240 1900 2  87 270 1800 2 
78 240 1500 1  88 260 1900 1 
79 250 1500 1  89 240 1500 3 
80 260 1800 1  90 230 1800 3 
 
FEP: 
RunOrder voltage 
pulse 
duration 
repeat 
count  RunOrder voltage 
pulse 
duration 
repeat 
count 
1 250 1900 3  24 260 1900 2 
2 260 2000 2  25 250 1600 3 
3 260 1900 1  26 250 1900 1 
4 250 1800 2  27 250 2000 3 
5 250 2000 1  28 270 1900 2 
6 270 1700 2  29 250 1700 1 
7 270 1600 1  30 260 1800 1 
8 250 1800 3  31 260 1600 1 
9 250 1700 2  32 270 1600 2 
10 250 1800 1  33 270 1900 1 
11 250 1700 3  34 260 1700 3 
12 260 1800 3  35 270 2000 2 
13 270 1800 3  36 260 1600 3 
14 270 2000 3  37 270 1800 2 
15 250 1600 2  38 260 1700 1 
16 260 1700 2  39 260 1800 2 
17 270 1600 3  40 250 1900 2 
18 270 1700 1  41 270 1700 3 
19 250 2000 2  42 260 1600 2 
20 270 1900 3  43 260 2000 3 
21 260 1900 3  44 260 2000 1 
22 270 1800 1  45 270 2000 1 
23 250 1600 1          
 
